The term "hidden order" refers to an as yet unidentified form of broken-symmetry order parameter that is presumed to exist in the strongly correlated electron system URu2Si2 on the basis of the reported similarity of the heat capacity at its phase transition at To ≈ 17 K to that produced by Bardeen-Cooper-Schrieffer (BCS) mean field theory. Here we show that the phase boundary in URu2Si2 has the elliptical form expected for an entropy-driven phase transition, as has been shown to accompany a change in valence. We show one characteristic feature of such a transition is that the ratio of the critical magnetic field to the critical temperature is defined solely in terms of the effective quasiparticle g-factor, which we find to be in quantitative agreement with prior g-factor measurements. We further find the anomaly in the heat capacity at To to be significantly sharper than a BCS phase transition, and, once quasiparticle excitations across the hybridization gap are taken into consideration, loses its resemblance to a second order phase transition. Our findings imply that a change in valence dominates the thermodynamics of the phase boundary in URu2Si2, and eclipses any significant contribution to the thermodynamics from a hidden order parameter.
I. INTRODUCTION
URu 2 Si 2 remains of immense interest owing to the possibility of it exhibiting a form of broken-symmetry distinct from that observed in any other known material.
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The term "hidden order" has been coined 2, 3 to describe reports of a BCS-like phase transition at T o ≈ 17 K, 4, 5 yet the absence of any signatures of symmetry-breaking reconcilable with the change in entropy at the transition.
Proposed forms for the as-yet-undetected symmetrybreaking fall roughly into two classes. In one of these, the 5f -electrons are regarded as being itinerant, with the hidden order either leading to the opening of a gap on a pre-existing heavy Fermi surface 3, [6] [7] [8] [9] [10] or playing an integral part in the formation of the heavy Fermi liquid state itself. 11, 12 In the other, the f -electrons are regarded as being localized in an 5f 2 configuration, with the hidden order involving interactions between local dipolar or multipolar degrees of freedom. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Relatively little consideration has been given, however, to the possible consequences of the intermediate valence character of the 5f electrons in URu 2 Si 2 . Electron energy-loss spectroscopy 23 and resonant x-ray emission spectroscopy 24 indicate that a non-integer number of between 2.6 and 2.9 5f electrons are confined to the atomic core, suggesting that a description of the f electrons in terms of either itinerant or localized states is likely to be an oversimplification.
Here we make the surprising finding that the temperature-versus-magnetic field (T versus B) phase boundary of URu 2 Si 2 closely follows the ideal elliptical form
characteristic of an entropy-driven transition, [25] [26] [27] as is known to occur for a discontinuous change in valence. We further find that the ratio of the critical temperature to the critical field, T o /B o , depends solely on the effective 47 an inhomogeneous CDW (CDWx) 46 and an antiferromagnet (AFM). 48 The curves have been renormalized to have the same slope ∂(
quasiparticle g-factor, and that this is adhered to rather precisely in URu 2 Si 2 . We also show that evidence for a valence transition is contained in the shape of the transition obtained from heat capacity measurements,
28,29
which we show to be significantly sharper than a BCS transition. Once quasiparticle excitations across the gap formed from the hybridization between conduction and f electron states [30] [31] [32] [33] 
II. RESULTS

A. Phase boundary
The evidence supporting our key finding that the suppression of T o under a magnetic field in URu 2 Si 2 (Fig. 1c) has the elliptical form found in valence transition systems is presented in Fig. 1 . Crucial to our understanding the form of the phase boundary in URu 2 Si 2 are the prior findings that the Sommerfeld coefficient and spin susceptibility are both strongly enhanced at temperatures both above and below the transition. 4, 5, [39] [40] [41] [42] Thus, whereas YbInCu 4 and Ce 0.8 La 0.1 Th 0.1 involve a transition from local moment-like behavior at high temperatures to Fermi liquid-like behavior at low temperatures, URu 2 Si 2 can be regarded as a Fermi liquid throughout. Under such circumstances, we can write approximate free energies of the form
for the upper (U) and lower (L) phases, where
B D U,L refer to the Sommerfeld coefficients and spin susceptibilities in each of the phases, 43 and where g * eff represents an effective gfactor for pseudospins of spin ±σ. 41, 42 Meanwhile, χ bg represents an additional background contribution to the magnetic susceptibility not arising from itinerant states (such as that arising from Van Vleck paramagnetism), while E o represents the enthalpy change associated with a change in state at the valence transition, analogous to that of a non symmetry-breaking liquid-gas transition. On defining the phase boundary as the line at which F U = F L , and neglecting possible changes in the phonon contribution F ph across the valence transition, we arrive at the form of the phase boundary given by Equation (1), where
o and ∆γ = γ U − γ L and ∆χ = χ U − χ L refer to changes in the Sommerfeld coefficient and spin susceptibility across the transition.
One important characteristic of a purely entropydriven elliptical phase boundary is that, regardless of specific values of ∆γ and ∆χ, the ratio, T o /B o , of the transition temperature to the strength of the critical magnetic field depends solely on the effective quasipaticle g-factor
Since URu 2 Si 2 can be regarded as a Fermi liquid on both sides of the phase transition, 4,5 Equation (3) is made more precise by the fact that ∆γ and ∆χ are both defined in terms of the electronic density of states D U,L in each of the phases. 43 Because the effective g-factor of URu 2 Si 2 has already been measured independently by different experimental Appendix, The g-factor analysis can also be extended to tilted magnetic fields, where the Ising anisotropy of the Zeeman splitting has been shown to cause the effective gfactor to acquire an angular dependence of the form g * eff,θ = g * eff cos θ, where θ is angle by which the magnetic field is tilted away from the crystallineĉ axis. Inclusion of this Ising anisotropy into Equation (2) causes the critical magnetic field to scale as B o,θ = B o / cos θ, which agrees with the results of tilted high magnetic field experiments, 44 thus providing us with a further validation of the valence transition model.
The elliptical form of the phase boundary is largely conditional upon a broken symmetry, if present, having a negligible impact on the thermodynamics of the phase transition. Indeed, Fe doping-dependent studies have shown that the phase boundary departs from the elliptical form for the antiferromagnetic phase. 45 We take this argument further in Fig. 1d by contrasting the elliptical form of the phase boundary with those predicted for various forms of broken-symmetry phase. The difference in the form of the valence transition phase boundary from that of broken-symmetry phases becomes greater as the transition temperature is suppressed to zero by a magnetic field. On plotting its phase boundary in T 2 -versus-B 2 coordinates in Fig. 1d , the squared transition temperature of a charge density-wave, 46 or any other order parameter involving pairing between spin-up and spin-down states on the Fermi surface, 47 is generally expected to exhibit a downward curvature with increasing B 2 , eventually giving rise to a precipitous drop of the phase boundary at a critical magnetic field 47 or a transition into an inhomogeneous phase with a substantially reduced transition temperature. 46 In the case of a simple antiferromagnetic state, 48 by contrast, the squared transition temperature is typically found to exhibit an upward curvature with increasing B 2 .
B. Phase transition
Further evidence supporting a valence transition is found in the form of the phase transition in heat capacity (plotted versus reduced temperature t = T /T o in Fig. 2a) , 28 which we find to be appreciably sharper than that of a BCS phase transition.
49-51 Once the quasiparticle excitations giving rise to the exponential tail
5 are attributed to a hybridization gap opening between conduction and f electron states [30] [31] [32] rather than a Fermi surface gapped by an order parameter, the heat capacity loses any resemblance it might have had to a BCS phase transition.
In general, when a BCS phase transition occurs, most of the enthalpy change associated with the growth of the order parameter occurs between t = 1 and t ≈ 0.5 (the point at which the heat capacity of the ordered phase has a value comparable to that γ U T extrapolated from the normal state above the transition). Hence, the entropy loss resulting from the onset of a BCS order parameter is distributed over a broad range in reduced temperatures spanning ∆t ≈ 0.5 (see Fig. 2a) , 49, 50 and this continues to be so even in the case of strong coupling. 51 In URu 2 Si 2 (see Fig. 2a ), however, we find that the bulk of the enthalpy change is compressed within a significantly narrower ∆t 0.14 range in reduced temperature.
A crucial clue as to the origin of the sharp transition in URu 2 Si 2 is revealed upon extending the range in temperature compared to earlier studies 5, 52 over which
T is fit to the T < T o tail of the heat capacity in Fig. 2b (see Appendix and Fig. 4 for an Arrhenius plot). Upon extending the range of fitting to lower temperatures, an upward departure from the exponential form becomes apparent on the approach to T o , with the degree of departure becoming increasingly pronounced in stronger magnetic fields (see Fig. 2b ). Given the sharpness of the phase transition in Fig. 2a and b , and the previously identified hybridization gap origin of the exponential tail below T o , [30] [31] [32] we proceed to show that the change in electronic contribution to the heat capacity in URu 2 Si 2 is consistent with the sum CendT showing the experimentally estimated enthalpy change Eo at the transition.
of two contributions. The first contribution C en (T ) = −α ∂f(T ) ∂T represents the enthalpy change at the valence transition. The second contribution C cr (T ) ≈ f(T )Ae
∆γT accounts for the crossover between L and U phases or, alternatively, their coexistence over the narrow range of temperatures at the transition. The volume fractions of the L and U phases are therefore f(T ) and 1 − f(T ), respectively. Together, the two terms in Equation (4) produce a differential equation, which we solve iteratively for f(T ) at different constant values of the magnetic field. We then plot the corresponding temperature-dependent C cr (T ) and C en (T ) at each magnetic field in Figs. 2b and c, respectively . Finally, the enthalpy change on crossing the phase boundary is given by the integration E o = ∞ 0 C en (T )dT (see Fig. 2d ). The form of C en resembles first order phase transitions observed in solid state systems 53 and is also similar in form to the sharp transition observed in the thermal expansion coefficient, [54] [55] [56] for which an exponential term due to quasiparticle excitations is largely absent. We find the enthalpy change be approximately indpendent of magnetic field, which is consistent with the constant E o assumed in Equation (2) . Meanwhile, C cr (T ) is found to be similar in shape to the transitions observed in the electrical resistivity 57 and thermal conductivity, 58 which we understand to be the consequence of electrical transport coefficients being insensitive to the enthalpy change at a transition.
III. DISCUSSION
The key experimental evidence supporting a valence transition in URu 2 Si 2 is the elliptical form of the phase boundary (see Fig. 1 ). We establish thermodynamic consistency with an entropy-driven valence transition by finding that the ratio of the critical magnetic field to the critical temperature is defined solely in terms of a quasiparticle g-factor in Equation (3) that is in excellent agreement with that previously obtained from other experiments. 41, 42 We further show that, despite the shape of the transition in the heat capacity being reported to resemble a BCS phase transition, 4, 5 it is found to be considerably sharper upon making a direct comparison, and departs significantly from the standard form of a second order phase transition after taking into consideration the hybridization gap-origin of the the exponential tail observed in the heat capacity.
30-32
There are several ways that the sharp transition in the heat capacity in Fig. 2b can be interpreted. The degree to which f -electrons are hybridized with conduction electrons is generally found to increase as the temperature is lowered in a mixed valence system, giving rise to a gradual change in the valence and the core f electron occupancy with decreasing temperature. A valence transition occurs when the change in the strength of the hybridization, or effective Kondo temperature, becomes a non-linear function of the temperature.
25,38
One recently proposed scenario is that the hybridization is an order parameter, giving rise to a second order phase transition in which the hybridization increases continuously from zero at T = T o . 11, 12 Since the enthalpy change at the transition in Fig. 2c is related to the strength of the hybridization, it provides a measure of how quickly such an order parameter must onset in temperature. The sharp change in enthalpy with temperature in Fig. 2c requires the order parameter to reach saturation within 1 or 2 K of the phase boundary, which is an indication of either strong coupling or a tendency to become first order. Further evidence for the hybridization gap reaching saturation quickly is provided by the ability of a simple exponential function to fit the tail of C(T ) over a broad range of T (see Figs. 2b and 4) , up to and including temperatures within 1 to 2 K of the phase boundary. One difficulty with the presently proposed hybridization order parameter scenarios, however, is that they require the onset of a subsidiary broken translational symmetry at T o , such as a charge density-wave accompanying hybridization density-wave 11 or a spin-density wave accompanying hastatic order, 12 neither of which have been detected.
1
An alternative possibility is that the strength of the hybridization (or the effective Kondo temperature) in URu 2 Si 2 increases discontinuously, 25, 38 giving rise to a first order phase transition of the type observed in YbInCu 4 or Ce 0.8 La 0.1 Th 0.1 . One benefit of postulating such a scenario in URu 2 Si 2 is that it dispenses with need to identify hidden order parameter, which, as already discussed, has remained a major point of contention in this material.
1 First order phase transitions are confirmed in YbInCu 4 and Ce 0.8 La 0.1 Th 0.1 by the observation of sharp phase transitions and significant irreversible (i.e. hysteretic) contributions to the heat capacity. 26, 27, 59 While the width of the phase transition in the heat capacity of URu 2 Si 2 (in Fig. 2b ) is similar to that observed in YbInCu 4 , 59 a significant irreversible component of the heat capacity has yet to be reported in URu 2 Si 2 . On the other hand, a δB ≈ 0.3% hysteresis in B o between rising and falling magnetic fields is observed, 60 which, while small, provides a robust indication of a first order phase transition at B = B o . Hysteresis is also reported to accompany a small lattice distortion at T o , which is suggestive of a weakly first order phase transition at B = 0.
35,36
A possible variation of the above scenario, which would likely alter the dynamics of a first order phase transition, is that the valence change results from the passage of a hybridized f electron band though the chemical potential. 32, 61 While the location of the hybridized bands in energy must ultimately be determined by the strength of the hybridization, such a scenario could result in a valence changing phase transition in the absence of a sharp discontinuity in the strength of the hybridization. For such a scenario, ∆ (see Appendix) would no longer provide a direct measure of the hybridization gap, but instead provide a measure of distance of the narrow f electron-like feature from the chemical potential. Pos-sible support for this scenario is provided by observation of a Schotte-Schotte anomaly in strong magnetic fields (see Appendix).
62
Should a valence transition occur in URu 2 Si 2 , the tetragonal crystal structure 4,5 is another factor having the potential to cause differences in its behavior compared to the well studied valence transitions in cubic materials. 26, 38 For example, electronic anisotropy could be an important factor in causing the hybridization gap within the L phase to be smaller and therefore more prone to quasiparticle excitations than those typically found in valence transition systems, 4,5 or in causing the transition to primarily involve a large change in the crystallographic anisotropy rather than the volume. 54 Superconductivity, which occurs at temperatures below 2 K within the L phase of URu 2 Si 2 , can also be sensitive to the electronic anisotropy. 4, 5 The absence of a hidden order parameter, if verified, would liberate superconductivity from the need to coexist with an unconventional broken-symmetry phase. It would also have the effect of reducing its phase diagram under pressure (within the L phase) to a simple competition between superconductivity and antiferromagnetism (which occurs under pressure in URu 2 Si 2 ).
63
Given that several key experimental features are consistent with the occurrence of an entropy-driven valence transition in URu 2 Si 2 , we conclude that the continued search for a hidden order parameter involving either localized or itenerant f electron states is rendered largely unnecessary. While our findings do not preclude nucleation of a form of broken-symmetry at T o as a subsidiary effect, such order, if present, must involve a change in energy that is too small to cause a discernible departure from the ideal elliptical form of the phase boundary expected for an entropy-driven valence transition. 25 There is also clearly a need to confirm prior reports of weak hysteresis occurring in physical properties at or below T o (at B = 0).
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IV. APPENDIX
A. Background subtraction in heat capacity measurements
Following the procedure outlined in previously published heat capacity measurements, 28,52 the phonon contribution is obtained from measurements of ThRu 2 Si 2 (see Fig. 3 ). After subtraction, the remaining heat capacity is assumed to be electronic in origin. At B = 0, the exponential contribution to the heat capacity is observed to extend down to ≈ 6 K, below which C(T ) ≈ γ L T .
In order to extract the form of the phase transition in the heat capacity, the low temperature Sommerfeld contribution needs to be subtracted. This was initially done by subtracting a constant γ L from the measured heat capacity divided by temperature i.e. (C/T ). 5 More recent heat capacity studies, have shown that γ L increases slowly with decreasing temperature, and Moriya and Takimoto 64 and van Dijk et al. 52 have shown that this behavior can be attributed to spin fluctuations, originating from the close proximity of URu 2 Si 2 to an antiferromagnetic ground state. Throughout our manuscript we have assumed γ L (T ) to have the form determined by van Dijk et al. (see Fig. 3 ).
B. Determination of the exponential tail in the heat capacity for T < To A striking feature of the experimental heat capacity in URu 2 Si 2 in strong magnetic fields, is the departure from simply exponential behavior C(T ) ∝ e − ∆ T as the temperature is increased towards T o . A closer examination of the heat capacity reveals such a departure also occurs at B = 0, which becomes more clear on constructing an Arrhenius plot (see Fig. 4 ). To determine the point of departure, we begin by fitting an exponential curve to the entire region below T o and then repeat the fitting while incrementally reducing the upper limit of the fit, T max . We determine the optimal T max as that below which the exponential fit is no longer observed to change on reducing the range. This procedure is repeated at all magnetic fields.
C. Estimates of the hybridization gap ∆ Figure 5 shows ∆(B) obtained from fitting Ae
to the measured C(T ) up to a temperature T max < T o , as described in Fig. 2b .The magnitude of the rate ∂∆ ∂B ≈ − 0.4 meV per T at which ∆(B) falls to zero with increasing magnetic field is similar to the rate at which the f electron levels are observed to move away from the chemical potential in very strong magnetic field heat capacity measurements (also plotted in Fig. 5 ). 62 A scenario in which the hybridized f electron band passes through the chemical potential at B = B o to emerge at the other side of the chemical potential at B > B o is therefore suggested. Point contact spectroscopy measurements 32 and the observations of metamagnetism 40 and light quasiparticles 65 in strong magnetic fields suggest that while the hybridization in URu 2 Si 2 does eventually vanish, this occurs outside the L phase.
D. Robustness of the free energy
While Equation (2) assumes a simple quadratic form for the temperature-dependence of the free energy and magnetic field-dependence of the susceptibility, departures are expected due to the spin fluctuations, 52,64 quasiparticle excitations cross the hybridization gap and nonlinearities in the susceptibility with increasing magnetic field. Under such circumstances, we must instead use 
in place of γ L and χ L in Equation (2) . In Fig. 6 , γ L,F (T ) is found to be very weakly dependent on temperature at B = 0, but appears to exhibit an upturn with magnetic field at finite temperatures. It nevertheless remains significantly smaller than γ U . Prior measurements of the magnetic susceptibility show that M (B) also undergoes an upturn in advance of the phase boundary when T = 7 and 8 K, suggesting a small increase in χ L,F (B). 40 While χ ∝ γ, it has yet to be determined whether and to what extent χ L,F (T ) ∝ γ L,F (T ) in URu 2 Si 2 . T to C(T ) below the phase transition in Fig. 2b , as described in the text. Also shown, is the 5f electron level (squares) relative to the chemical potential, inferred from the Schotte-Schotte anomaly observed in strong magnetic fields. 62 The red dotted line connecting the datasets is a guide to the eye. The modified Sommerfeld coefficient γL,F (T )to be used in Equation (2), as described in the text, obtained at different values of the magnetic field using Equation (5) . γU is also shown (at B = 0), whose temperature and magnetic field-dependences remain undetermined.
